Since key questions in gradient-mediated mapping are inherently quantitative, we wanted to develop an in vitro assay where retinal position and ephrin concentration could be varied systematically, and axon responses could be measured quantitatively. Using this assay, we find that responsiveness to ephrin-A2 and ephrin-A5 varies continuously with retinal position, fulfilling the prediction of graded responsiveness. We also find that ephrin-A2 can either inhibit or promote retinal axon growth. Soluble ephrin-A2 produced only inhibition, suggesting that the outgrowth-promoting effect is due to receptor-ligand adhesion. A crucial aspect of the data is that the transition from positive to negative effects varies topographically with both retinal position and ephrin concentration. These findings lead to a mapping model where ephrins act as topographic labels that promote axon growth at low concentrations and inhibit growth at higher concentrations.
Results

Quantitative Assay of Topographically Specific Axon Responses
The quantitative axon outgrowth assay that was developed here is illustrated in Figure 1A . Membrane vesicles are prepared as for the stripe assay (Walter et al., 1987; Nakamoto et al., 1996) As a first test of topographic specificity in this assay, we tested nasal and temporal retinal explants that were cultured on anterior and posterior tectal membranes (Figures 1B and 1C ; outgrowth is expressed here relative to maximum outgrowth in the experiment, with nasal axons on anterior membranes given a value of 1). Temporal axons showed robust growth on anterior tectal membranes and little or no growth on posterior tectal membranes (anterior versus posterior membranes different with p Ͻ 0.0002; Student's t test). This outcome appears to be broadly consistent with stripe assay results, where temporal axons prefer anterior tectal membranes when given a choice between anterior and posterior stripes. However, there is one difference from those stripe assay studies, since it was reported that temporal axons grew equally well on anterior or posterior membranes if the membranes were presented as a uniform carpet with no choice of lanes (Walter et al., 1987) . Although we do not know the reason for this difference from our results here, one possibility could be that it is related to the use of chick retinal axons in those studies, whereas mouse retinal axons were used here.
Nasal axons also showed a topographically specific response to tectal membranes in the outgrowth assay. Nasal axons showed the same preference as temporal axons, in that they grew better on anterior than on posterior membranes (Figures 1B and 1C ; outgrowth on anterior versus posterior membranes different with p Ͻ 0.0001). However, the responses of temporal and nasal axons were distinct, since nasal axons grew better on axons showed a distinctive response to posterior versus anterior tectal membranes. This last observation reveals the presence of labels that could map axons within both outgrowth responsiveness was seen across the nasalnasal and temporal halves of the retina. It also indicated temporal axis of the retina. Results are shown in Figure that the assay that was developed here should be suit-2A. The nasal extreme of the retina showed the most able for further studies into graded responsiveness outgrowth, and the temporal extreme showed the least. across the full retinal N-T axis.
The variation of responsiveness with retinal position appeared to be continuously graded, as predicted by the chemoaffinity theory, rather than discontinuous. No poGraded Responsiveness of Axons across the Retinal N-T Axis sition could be found where the retina could be divided into two distinct regions within which the response was We next used the outgrowth assay to test for graded responsiveness of retinal axons to ephrin-A5 and ephrinuniform (p Ͻ 0.05 for each of the five possible divisions, 1 versus 2 through 6, 1 and 2 versus 3 through 6, and A2. A series of retinal explants were taken from multiple contiguous positions across the N-T axis ( Figure 1A) . so on; see the Experimental Procedures). Thus, our results do not appear to be consistent with a two-region These explants were grown on substrate carpets containing membranes from 293T cells that were transiently discontinuous model. The response to ephrin-A2 also appeared to vary transfected with ephrin-A5 or -A2 cDNA.
In response to ephrin-A5, a continuous gradient of smoothly. However, in the case of ephrin-A2, the shape of the curve was different, showing a biphasic variation could the retina be divided to give a two-response discontinuous model (p Ͻ 0.0001 for both the 15% and with retinal position; outgrowth was greatest from position 3 in the nasal half of the retina and decreased toward 50% data). However, when grown on 100% ephrin-A2, outgrowth across the retina did not appear to be graded both the nasal and temporal ends of the retina ( Figure  2A ). As with ephrin-A5, the results do not appear to be and instead fit a two-level discontinuous model of responsiveness (p Ͻ 0.0001), with outgrowth from posiconsistent with a two-region discontinuous model, since no position could be found where the retina could be tions 1 through 4 (the nasal half) falling on a higher plateau and positions 5 through 8 (the temporal half) divided into two distinct regions with uniform responses (p Ͻ 0.0001 for each of the seven possible divisions).
showing little or no outgrowth ( Figure 4C ). This finding of a sharp discontinuity between the nasal and temporal The difference in shape of the graphs that were obtained with ephrin-A5 or ephrin-A2 is intriguing in light halves of the retina at high ephrin concentration is interesting, since it might help explain why previous studies of the different expression patterns of these two ligands ( Figure 2B ). As reported previously, ephrin-A5 expreshave shown a sharp nasal versus temporal discontinuity. Ephrin-A ligands have previously been reported to sion is highest at the posterior end of the inferior colliculus (IC) and declines anteriorly in a monotonic gradient be repellent or inhibitory for retinal axons. Interestingly, however, when outgrowth was compared to backthrough the IC and SC. On the other hand, ephrin-A2 shows a biphasic expression pattern, with a peak midground in the outgrowth assay used here, not only negative but also positive effects were seen. In Figures 4D-way the experiments that were described while always keeping the total amount of 293T cell membranes constant (see Figure 1A) . For consistency, all in previous sections), in either the absence or presence of ephrin-A2, there was no observable extension and experiments that are described here were performed with a single set of membrane preparations. Figure 4 , with individual data points in the analysis representing five behind fragments that could be stained with axon-specific markers. When this was tested here in 18-72 hr to eight separate outgrowth assays. With either 15% or 50% ephrin-A2, a graded biphasic response was seen, cultures using an antibody to the axon-specific marker GAP-43, we were not able to detect axon fragments that with the peak of outgrowth at retinal position 3 in both cases ( Figures 4A and 4B ). In neither of these cases could have been left behind during an axon degenera- Ephrin-A2 appeared to have little or no effect on fasciculation in this assay. There is a small trend in average versus retinal axons or to the use of a coculture system with live ephrin-expressing cells, which may over time pixel intensity with ephrin-A2 concentration. However, this trend is actually opposite to that expected if fascicuproduce increasing amounts of ephrin or otherwise change the culture conditions. In any case, separate lation were to artifactually account for our outgrowth results; under conditions where outgrowth was higher, outgrowth and degeneration phases were not seen here, and growth appeared to be linear over the time course average pixel intensity was also higher. A possible explanation for this trend, based on examining images, is of our standard assay. that when outgrowth is dense, axon pathways are more likely to randomly cross over each other, and pixel intenFasciculation Does Not Account for Readout of the Assay sity is higher at the crossing points. We therefore saw no indication that the results of the outgrowth assay Another process that, in principle, might complicate or artifactually explain the results of the outgrowth assay were artifactually caused or exaggerated by axon fasciculation, and on the contrary, our standard assay readout could be axon fasciculation. Indeed, one of the earliest functional effects that was seen for ephrin-A5 was proprobably gives a slight underestimate of ephrin effects on axon outgrowth. motion of cortical axon fasciculation (Winslow et al., 1995) . If ephrin-A2 were to have a similar fasciculating activity in our assay, this could lead to an artifactual Is Outgrowth Promotion Due to Signaling or Adhesion? impression of outgrowth inhibition, since fasciculation would result in fewer pixels above background being
The observed transition between inhibition and promotion of axon outgrowth could be explained by two altercounted. To address this, we analyzed the distribution of pixel intensities. If fasciculation were reducing the native mechanistic models. One possibility would be the activation of two distinct intracellular signaling pathnumber of positive pixels, there should have been a corresponding increase in pixel intensity (provided that ways, one promoting and the other inhibiting growth. Our results also address another basic question in map formation. It has long been recognized on theoretical grounds that balanced opposing forces are required to specify position within a map. We show here that ephrin-A2 can have not only negative but also positive effects on retinal axon growth. Moreover, we observe a transition from positive to negative that is concentration dependent and topographically specific. These results lead to a model for topographic map formation, starting from basic receptor-ligand molecular interaction properties. To study this question, we developed a quantitative was detected in any of these experiments. It remains axon outgrowth assay that allows both retinal position possible that outgrowth promotion signaling might be and ephrin concentration to be varied systematically. triggered by an ephrin oligomeric state that is different This outgrowth assay, unlike the stripe assay, is not a from those present in these experiments. However, the growth cone steering assay. However, anterior-posteconsistent finding that soluble ephrin-A2 caused only rior mapping primarily involves the regulation of the final inhibition and no indication of promotion, when tested extent of axon growth across the tectum/SC rather than on both nasal and temporal axons, over a broad range of growth cone steering. Moreover, ephrins are known to concentrations and oligomerization states, seems most regulate several types of mapping-related axon growth compatible with the model that the promoting effects response, including growth cone steering, collateral may be due to direct receptor-ligand adhesion.
Graded Responsiveness
branching, and extent of outgrowth (Flanagan and Vanderhaeghen, 1998; Wilkinson, 2001 ). While we do not take the output of this assay (or any other assay) as Discussion precisely matching the biology of normal mapping, the system used here provides a quantitative and controllaThe chemoaffinity theory of topographic mapping is well accepted, and a molecular basis has begun to emerge, ble test of the growth response of retinal axons to added ephrins and displays topographic specificity. particularly with the identification of the ephrins as topo- Initial experiments that tested the response to tectal activity that was similar to or higher than our 100% ephrin-A2 substrate. Whatever the reason for the dismembranes found that both nasal and temporal axons showed selectivity; both grew preferentially on anterior continuity in previous studies, the graded responsiveness that was seen here fits the predictions of the membranes, with a stronger preference being shown by temporal axons. This finding differs from the in vitro chemoaffinity theory, as required to form a smooth topographic map. stripe assay, where axons from the entire nasal side of the retina were reported to be unresponsive to posterior tectal membranes. The results here can therefore proDifferential Response to Ephrin-A2 and -A5 Our results show that the shape of the responsiveness vide a resolution to the previously puzzling question of how axons across the nasal half of the retina are mapped curve along the N-T axis of the retina differed, depending on whether the axons were tested with ephrin-A5 or if they are unresponsive to posterior tectal labels.
In subsequent experiments that tested responses to ephrin-A2 (Figure 2) . In response to ephrin-A5, retinal positions showed a continuous monotonic variation in ephrins, our results showed that responsiveness across the retinal N-T axis did not fit a two-step discontinuous response, from high outgrowth at the nasal extreme to low outgrowth at the temporal extreme. On the other model and instead appeared to be smoothly graded. It is not clear why previous assays detected a sharp cutoff hand, ephrin-A2 elicited a biphasic response curve, with maximum outgrowth from axons midway across the nabetween nasal and temporal axons. One possibility is a species difference between the mouse axons that were sal half of the retina, decreasing in both nasal and temporal directions. These responsiveness profiles in the used here versus the chick axons that were used in earlier studies. In chick, normal in vivo mapping involves retina show an interesting correspondence with the expression profiles in the SC. As described previously for an initial phase with a simple nasal versus temporal discrimination, before the full graded map develops, and mouse (Frisé n et al., 1998; Feldheim et al., 2000), ephrin-A5 expression increases in a monotonic gradient from the in vitro assays might reflect this initial phase. An alternative explanation is suggested by our finding that, the anterior to the posterior SC, whereas ephrin-A2 shows a biphasic distribution with a high point midway at the highest ephrin-A2 concentrations that were tested here (comparable to ephrin-A levels in posterior tectum), across the posterior half of the SC, decreasing in both anterior and posterior directions. Thus, the retinal posioutgrowth across the retina did not appear to be graded and instead fit a two-step model of responsiveness, with tion that gave the highest outgrowth on each ligand maps to the SC region with the highest concentration a sharp cutoff between the two halves of the retina. This result may help explain why previous studies have of that particular ligand. In terms of the overall significance for mapping, the shown a nasal versus temporal discontinuity if, as seems likely, those studies used a growth substrate with ephrin distinctive gradients of ephrin-A2 and ephrin-A5 could be interpreted by two models. One model could be that sion patterns initially led to the prediction that the interaction must be attractant ( 
